Abstract Chemical and isotopic data in atmospheric precipitation, surface water, and groundwater in arid Rasafeh area, northeast Syria, are used to clarify the status of groundwater quality, the interaction of water components, groundwater dating, and vulnerability to anthropogenic contamination. Interpretation of chemical data with thermodynamic calculation reveals that the dissolution of evaporate mineral is the main factor of high salinity. The d 18 O and d 2 H relationships indicate that the groundwater is fed by mixing water from Euphrates River and precipitation and the isotope balance equation were used to estimate the contribution of the Euphrates River to the aquifers recharge. High tritium content, together with high 14 C activity in the majority of groundwater samples, indicate shorter residence times and consequently potentially greater recharge. The presence of high nitrate concentration associated with high tritium concentration in both shallow and deep aquifer units indicates the presence of high permeability, so that groundwater is highly susceptible to anthropogenic contamination. Nitrate seems to derive exclusively from the application of N fertilizers. The high nitrate values are characteristic of the areas with intensive agricultural activity, indicating the importance of irrigated return flow on the groundwater.
Introduction
Management of water resources has focused on surface water or groundwater as if they were separate bodies. As development of land and water resources increases, it is apparent that evolution dynamics of either of these resources affects the quantity and quality of the other. Nearly all surface water bodies (rivers, lakes, and reservoirs) interact with groundwater (Popov 1979; Popov and Sokolov 1986; Winter et al. 1998; Sophocleous 2002; Jolly et al. 2008) . Thus, effective land and water management requires a clear understanding of the linkages between groundwater and surface water as it applies to any given hydrologic setting.
Environmental isotope and geochemical techniques constitute effective tools for solving various problems in hydrology, in particular in the arid and semi-arid regions (Clark and Fritz 1997; Cook and Herczeg 1999; Aggarwal et al. 2005; Mook 2006; Herczeg and Leaney 2010) . In such environments, groundwater is a precious resource subject to intensive exploitation for agricultural, urban, and industrial uses. Multi-tracer investigations are commonly applied to understand groundwater movement, mixing patterns between different groundwater sources, salinity origin, recharge period, and such information is needed to improve water-resources management.
The importance of this study comes from the fact that the Rasafeh area represents a specific case of an arid region, where the surface runoff or artificial recharge (Euphrates dam) conditions can enhance water contribution to the subsurface. Therefore, many wells have been drilled for agricultural development project after the construction of Euphrates dam at the end of 1978. The extracted water from these boreholes is used for irrigation and has yielded high production rates of groundwater (50-250 m 3 /h). However, the water has a salinity of 1,500-6,000 mg/L TDS, with high SO 4 concentration up to 2,000 mg/L (Fig. 1 ). This paper presents the results of a multiple tracer approach (d   18   O, d 2 H, d 13 C, 3 H, and 14 C as well as the main chemical constituents) to identify the interaction of water components in the arid Rasafeh area, recharge and mechanisms of salinity increase, groundwater residence times, and flow dynamics as influenced by both natural and anthropogenic stresses (i.e., low precipitation rates, high production rates, and agricultural activities).
The investigation methods complement each other and aid in the development of sustainable groundwater management strategies of groundwater after three decades of management work of Euphrates dam in this sector.
Study area description
The Rasafeh area lies longitude 38°15 0 -39°30 0 E and latitude 35°15 0 -36°00 0 N, in the northeastern part of Syria (Fig. 1) . The topography of the study area is rather plane. It is generally dominated by flat lands on the right of the Euphrates River with elevation ranging between 300 and 400 m a.s.l. (meters above sea level). The climate of the study area is considered to be arid. The long-term average annual precipitation ranges from 150 mm/year in the south to 207 mm/year in the north (JICA 1997) . Most precipitation occurs from November to March of each year. Another feature characterizing the precipitations in the study area is its irregular yearly distribution. The mean annual air temperature oscillates by 20°C, and the long-term average annual potential evaporation far exceeds the annual rainfall with a mean annual amount varying from 2,000 mm in the south to 1,700 mm in the north (UNDP-FAO 1977) .
The permanent surface water is mainly represented by Euphrates River including Euphrates dam reservoir, which is the largest dam in Syria. The reservoir (Assad lack) is a catchment area of 640 km 2 . The maximum and minimum storage capacity is about 1.41 9 10 10 and 1.18 9 10 10 m 3 , respectively, corresponding to a water level between 303.93 and 300.40 m a.s.l. (Fig. 1) .
The catchment area of the Euphrates River and its main tributaries are mainly located in Turkey, and thus, approximately 95 % of its flow originates from this country. Most of the river inflows occur between April and June and are caused by the melting of accumulated snows on the Fig. 1 Geological map of study area: 1 Quaternary (sandy loams, basalt and terrace of Euphrates River); 2 Pliocene (conglomerates, limestone and sandstones); 3 Upper and Middle Miocene (gypsum, marl and limestone); 4 Paleogene (limestone); 5 location of sampling sites of groundwater wells; 6 piezometric level in m a.s.l. of Upper and Middle Miocene; 7 Rasafeh fault highlands (2,000-3,000 m). The mean annual flow of the Euphrates River at the Syrian-Turkish border (Jarablous station) prior to the 1960s was around 735 m 3 /s (UNDP-FAO 1966) . During the last few decades, the river flow has been controlled by Turkey, through a treaty that fixes the minimum annual river discharge for both Syria and Iraq at around 500 m 3 /s. Groundwater is the main source of irrigation in the Rasafeh region. No surface water irrigation system exists at the right side of Euphrates River and dam. Most of the agricultural plains in Rasafeh area lie on these sedimentary systems cultivated with cotton and wheat. Significant reductions of groundwater quality accompany the return irrigation water through agricultural fields. The high nitrate concentration in groundwater samples indicates remarkable input from return irrigation water along the Rasafeh fault system, where the agricultural activities are concentrated.
Geology and hydrogeology
The outcrop rocks in the study area are from Paleogene, Neogene, and Quaternary ages (Fig. 1) . The Quaternary formations (total thickness range between 30 and 130 m) are of continental origin, and consist of clay silts, sand, gravel, loams, marl, gypsum debris corresponding to Pleistocene and Holocene. Some effusive volcanic rocks of Lower Quaternary age can be seen in the vicinity of the study area.
The Neogene rocks outcrop in the major part of the study area and are represented by the following deposits; Lower Pliocene rocks outcrop mostly in the west of the Rasafeh fault. They usually consist of gray, sandstones or dolomite limestone and marl. The lower parts are more marly and often contain considerable amounts of gypsum. The Middle Miocene rocks, which are generally known as the lower Fars formation (Tortonain N 1 t ) are met with over a large area especially east of the Rasafeh fault. They form the plateau that separates the Miocene Euphrates depression and the north Palmyrides Mountains. The thickness varies from 100 to 600 m (UNDP-FAO 1977) .
These Tortonain rocks are characterized by seams of gypsum stone of variable thickness (from tens of centimeters up to almost 40 m) dominating the strata. They also contain marls, clays, limestone, dolomite limestone, sandstones, and silts. The Middle Miocene rocks (Helvetian N 1 h ) also outcrop in the extreme west of the study area and form a cliff above the Euphrates valley by the dam site. These Helvetian rocks consist of dolomite limestone having a chalky structure at their base. The bore logs showed their thickness would appear to range between 40 and 100 m.
The Paleogene rocks of Eocene age outcrop in the extreme west of the study area and contain soft chalk, limestone, and marl (Fig. 1) .
The major hydrogeological features of Rasafeh area consist of two aquifers: the shallow unconfined aquifer, with a maximum thickness of 30 m. This aquifer is hosted in the Quaternary rocks over most of the Euphrates valley and its terraces. The width of these deposits along the present path of the Euphrates River is \3 km but increases to the south around the Rasafeh fault system (old channel of Balikh River). This aquifer is laterally connected with the water-bearing system of Miocene aquifer (Gersar-Sect 1977) . Underlying this aquifer is the so-called deep aquifer system which is related to the Middle Miocene rocks (Tortonain and Helvetian formations) with widely differing extension and thickness. In these gypso-marl or limestone and dolomite rocks, permeability depends mostly on the existence of karst features; the great fractured areas such as the great Rasafeh fault system, the Euphrates rift valleys, dam, and the secondary faults in the old channel of Balikh River are of great importance from a water circulation standpoint (UNDP-FAO 1977) . The properties of the two aquifer units are not known within the study area, and the stratigraphic formations around the Rasafeh fault system show that no confining layers (i.e., clay aquitards) exist between the two aquifer units.
Groundwater recharge for both aquifers is mainly controlled by Euphrates infiltration. The piezometric contour map ( Fig. 1) is quite regular and this supports the remark that the different permeable beds have a good hydraulic connection. Such interconnection could take place as a consequence of various factors such as the differences in head between the Euphrates dam and groundwater or through fracture zones such as the Rasafeh fault or the Euphrates fracture. The piezometric map shows the groundwater flow system. The groundwater is found at a depth over 200 m a.s.l around the Rasafeh fault system and at more than 300 m a.s.l west of the study area. The groundwater aquifer is recharged from the Euphrates River and dam to the south and from the north Palmyrides Mountains (Jabel El-Bichri) to the north.
Sampling and analytical methods
Monthly precipitation samples were collected during the period 1998-2000 from Ar-Raqqa and Palmyra meteoric stations at 350 and 400 m a.s.l respectively. These two stations are situated on the south and north of the study area. In the same period, two sites were selected on the Euphrates River and dam, sites Nos. 5 and 26, respectively: site 26 represents the end of the left wing of the dam named Salhabieh canal with 140 m 3 /s. Groundwater samples were collected from 25 active pumping wells, ranging in depth from 10 to 300 m (Fig. 1) . Most of these wells have been drilled in the Middle Miocene (Tortonain and Helvetian age) and have being used for agriculture after the construction of Euphrates dam at the end of 1978.
Physical and chemical parameters were measured in the field (Table 1) : temperature, pH, electrical conductivity (EC), and total alkalinity (i.e., HCO 3 -). The total dissolved inorganic carbon (TDIC) for 15 samples of groundwater was precipitated in the field from about 120 L of groundwater using the well-known IAEA procedure (Tamers and Scharpensel 1970) . The water samples that were collected from different locations were analyzed for major cations such as Ca 2? , Mg 2? , Na ? , and K ? and major anions HCO 3 -, SO 4 2-, NO 3 -, and Cl -. The chemical analyses of water samples were performed by ion chromatograph method (HPLC) after filtration through 0.45 lm at the laboratories of the Syrian Atomic Energy Commission (SAEC). Charge balance calculation showed that charge imbalance did not exceed ±5 % for all the samples.
The environmental tritium, carbon-13 and carbon-14 measurements were carried out to date the groundwater. In addition, the water samples were also subjected to stable isotopic analyses (deuterium and oxygen-18 ratios) to understand the origin, mixing pattern, and evaporation effect. All the measurements of environmental isotopes were performed in the PINSTECH isotope laboratory of Pakistan.
The measurement of
2 H, and d 13 C were performed with a mass spectrometer. The tritium content was determined using the electrolytic enrichment and liquid scintillation counting method (Florkowski 1981) . The isotopic contents are reported in conventional d notation ''per mil'' as a deviation from the Vienna Standard Mean Ocean Water (V-SMOW), while carbon isotope ratios are also expressed using the d-notation in % relative to the Vienna Pee Dee Belemnite (V-PDB) standard (Craig 1957; Gonfiantini 1978) . Table 1 Mean chemical composition and field data of surface water and groundwater samples collected from study area 18 atoms of hydrogen). Error on tritium measurement is ±0.7 TU. The results of 14 C are reported in percent modern carbon (pmc); the degree of uncertainty depends on the quantity of analyzed material, the counting time, and the activity of the sample.
Results and discussion

Water chemistry
The total dissolved solids (TDS) in the groundwater samples are varied between 1,614 and 5,800 mg/L for a temperature ranging from 21.0 to 29.4°C (Table 1 ). The groundwater samples are well oxygenated, with pH values in the range 7.4-8.0, and are significantly more mineralized than the Euphrates River.
The piper diagram (Fig. 2) shows the relative concentration of the different ions from individual water samples. Two main groundwater types have been identified based on major ions concentrations: Ca-SO 4 and Na-Cl, while in the Euphrates water, the TDS are from 280 to 350 mg/L for a temperature ranging from 19 to 20°C and Ca-HCO 3 water type. Nitrate concentrations in groundwater were highly variable in space, both along the horizontal and vertical directions, in the Rasafeh area.
The NO 3 concentration values were not significantly different between the shallow and deep wells of the Rasafeh area (20 and 155 mg/L); however, higher nitrate concentrations are observed in the groundwater wells along the Rasafeh fault system where the development associated with the excessive use of fertilizers is the principal source of nitrates contamination from the return irrigated water (Smith et al. 1991; Wassenaar 1995) .
The values of NO 3 concentration in the Euphrates River and dam reservoir (sites Nos. 5 and 26) are 2 and 5 mg/L, respectively (Table 1 ). The spatial distribution of the NO 3 concentration and tritium level in groundwater are discussed below.
Compositional relations among dissolved species from the shallow and deep parts of the groundwater system can reveal the origin of solutes and the process that generated the observed water compositions (Lang et al. 2006 ). The diagrams of major chemical constituents in the Euphrates and groundwater samples were established (Fig. 3a-d (Fig. 3a, b ). The depletion of Ca 2? and Mg 2? indicates the contribution of another geochemical process that affects cation content and may be related to the mechanism of basic exchanges, by which Ca 2? and Mg 2? are adsorbed on the surface of marl minerals and Na
? is released to produce more saline water (Plummer et al. 1990 ). The computation of saturation indices (SI) calculated by geochemical code NETPATH 2.0 (Plummer et al. 1994) shows that saturation in gypsum (average SI of -0.05) increases with the SO 4 2-concentration (Fig. 3c) . The strong positive correlation between Na ? and Cl -contents (R 2 = 0.93) in groundwater samples in the Rasafeh area suggests a common origin for these ions and indicates the dissolution of evaporate deposits such as Halite (NaCl) (Magaritz et al. 1981) (Fig. 3d) decline suggests an additional source of Na ? . In this case, the sources could be related to dissolution of evaporate minerals, such as halite (NaCl). Water from the shallow and deep wells was oversaturated with respect to calcite and dolomite (median 0.68 and 1.25, respectively) ( Table 1 ). The higher dolomite saturation index for the groundwater flow system may indicate a longer residence time of water along groundwater flow paths or differences in aquifer mineralogy. Chemical variations in both shallow and deep wells are likely related to hydrologic and geochemical factors. For example, differences in water type (Ca-SO 4 for the major part of groundwater and Na-Cl for The groundwater samples from wells located in the highly cultivated area (around the Rasafeh fault and Wadi, sites Nos. 13-25) reveal high SO 4 2-, Cl -, and NO 3 -contents (averages of about 2,000, 1,400, and 100 mg/L, respectively). This fact may be due to the influence of severe abstraction of groundwater in the area, leading to high drawdown which, in turn increases the hydraulic gradient and the inflow from the Euphrates River and dam reservoir. This assumption agrees with the pressure difference between the Euphrates and aquifer, which flows in the Rasafeh area under unconfined conditions along relatively short flow paths (Fig. 1) .
Stable isotope composition
The relationship between d 18 O and d 2 H is illustrated in Fig. 4a, b Fig. 4a ). The rainwater samples display a seasonal variation of isotopic composition, due the greater seasonal temperature variations (Clark and Fritz 1997; Al-Charideh and Abou Zakhem 2010). As often observed in arid climates, the light rainfall events are characterized by high 18 O and 2 H content, due to evaporation effect. However, these rainfalls do not significantly contribute to the effective recharge of groundwater (Gat 1987 (Gat , 1991 Kattan (1997) , in which the deuterium excess, defined by Dansgaard (1964) (-7 .68 ± 0.25 %) and (-51.90 ± 1.46 %), respectively, while the mean values of six water samples from the Euphrates River (site No. 5) are -7.80 ± 0.22 % and 53.75 ± 0.92 %, respectively. It can be observed that all the stable isotope values of surface water samples are more depleted with respect to those of local precipitation in the study area. This is due to the fact that the Euphrates River catchment is located at high altitude (2,000-3,000 m), and is fed by more depleted rainfall and snow melt.
The d 18 O and d 2 H composition of groundwater are ranged from -5.56 to -8.1 % and from -33.78 to -54.7 %, respectively ( Craig 1961 ). This suggests that there has been minor evaporative fractionation, consistent with the evidence demonstrated by the groundwater chemistry. Any evaporation may take place before the precipitation reaches ground surface.
The staple isotope composition of groundwater in the Rasafeh area are significantly more depleted than the present-day precipitation, while generally remaining relatively higher than those of Euphrates River (excluding the sample No. 11). This isotopic difference between precipitation and groundwater, which cannot be explained by an altitude effect or by evaporation, may result from the mixing of Euphrates River and groundwater in the Rasafeh area.
The difference of hydraulic head between the Euphrates River and the aquifers system with severe exploitation of the groundwater, favors flow leakage from Euphrates River. Thus, the isotopic composition of groundwater would represent a mixing between present precipitation recharge and Euphrates River. The recharge from irrigation return flow is also expected. From isotopic balance equations, it is possible to estimate the contribution of Euphrates River to this mixing according to the following equation (Plummer et al. 1998 The isotope balances show that the contribution of the Euphrates River may be very high in the majority of wells and range from 30 to 95 %. The high values of recharge rate (more than 70 %) were observed in the Quaternary aquifer of the Euphrates valley and in the Miocene aquifer around the Rasafeh fault system. The relative contributions of diffused recharge from precipitation are very high for wells located at the edge of Al-bashari Mountain.
Some differences between the 18 O and 2 H balances show that the representative points of groundwater are not on a pure mixing line between precipitation and Euphrates water. Isotope content is controlled not only by a mixing phenomenon but also two other processes should be taken into account: evaporation of irrigated water (no isotope data are available), which may occur during infiltration, and locally a possible contribution from deep groundwater. The effect of these two phenomena on isotope balances are similar, since the intervention of either of them leads to underestimate the Euphrates River contribution, in particular when 18 O data are considered.
Tritium and 14 C values and mean residence time
Tritium is naturally produced in the upper atmosphere by the bombardment of nitrogen with fast neutrons from cosmic rays. However, after the aboveground nuclear tests, the tritium concentration in precipitation abruptly increased, reaching a maximum in 1963. As a result, the tritium values increased dramatically reaching a peak of several hundred TU during the mid-1960s, followed by a sharp decline after the nuclear testing moratorium. Tritium is an ideal tracer of groundwater since it is a part of the water molecule. However, tritium is a relatively short-lived radioisotope (12.4 years half life) and thus, it can be used to detect recent recharge and to estimate the residence time of young groundwater recharged during the last 60 years Beyerle et al. 1999) . For many recent hydrogeological investigations, including this one, groundwater age can be estimated qualitatively from the 3 H activity values: \0.8 TU corresponds to sub-modern water (\1950s); from 0.8 to 4 TU corresponds to a mixture of submodern and modern water; 5-15 TU corresponds to modern water (\5-10 year old); from 15 to 30 TU corresponds to water with containing some 3 H produced by nuclear testing (1980s to early-mid 1990s); [30 TU corresponds to water with high content of 3 H coming from nuclear weapons testing (1960s-1970s) (Clark and Fritz 1997; Motzer 2007) .
The tritium content in the precipitation collected during the period 1998-1999 at the Ar-Raqqa and Palmyra meteoric stations had an average value of 7.3 TU (weighted mean of 14 samples) and varied from 4.2 to 9.8 TU, while the tritium content in the Euphrates River had an average of 10.8 TU (mean of 10 samples) and varied from 9.9 to 11.8 TU.
Tritium activities of the 25 groundwater samples ranged from 0.8 to 19.5 TU (Table 2) . Tritium activities indicating the oldest water occurred in 5 of the 25 samples and were always in the deepest wells. In shallow wells, the tritium concentrations range from 10 to 19.3 TU and from 0.8 to 6.7 TU in deep wells (Fig. 5a) . The high tritium content (9 TU) detected in well No. 1 suggests the rapid recharge (fast diffuse infiltration process) of the recent precipitation to the groundwater throughout carbonate Al-beshri Mountain (Fig. 1 ).
The similarity of 3 H concentrations in groundwater and surface water, indicates that Euphrates River recharges the shallow groundwater system and moves through the quaternary deposits very rapidly, \10 years for parts of the shallow flow system and \30 years for the deepest parts of the aquifer. Therefore, based on high tritium concentrations (Table 2) , sampled waters from the Rasafeh aquifer is of relatively recent origin, and almost certainly during the period of the falling limb of the tritium transient (post-1963) .
In order to confirm the assumptions concerning recent recharge water, in particular under the influence of certain pumping, the measurements of carbon-14 activity in dissolved carbonates have been carried out, in particular for water with low tritium level.
Radiocarbon activity and the results of 13 C content are reported in Table 2 . The 14 C in 15 groundwater samples range between 76 and 128 pmc and d 13 C increases from -11.38 to -2.19 %. Most samples with 14 C activities higher than 100 pmc were measured along the Rasafeh fault system in both shallow and deep aquifer units (Fig. 5c ). These high values may be due to exchange with modern soil CO 2 specifically in the agriculturally used areas. The presence of high tritium and high 14 C activities in both shallow and deep wells suggested mixing of young and older groundwater. The younger groundwater was likely introduced into the respective groundwater systems from pumping activities. Alternatively, as many bedrock wells are completed as open holes, the intersection of a fracture recharged by modern water may have contributed modern water to the bedrock wells.
In summary, based on carbon isotope data, it is not necessary to make detailed correction for the radiocarbon age of groundwater. Therefore, the high 14 C values can prove that the groundwater in the Rasafeh area is of recent age. This finding agrees, in fact, with the relatively high tritium content, which normally can be taken as a strong and realistic indicator for recent age of groundwater. Furthermore, it can be concluded, as a result of bilateral mixing with Euphrates River water that the groundwaters are renewable.
Nitrate content
The presence of high nitrate associated with high tritium and 14 C activities in both shallow and deep aquifer units indicate that groundwater are highly susceptible to anthropogenic contamination (Figs. 5, 6 ). Nitrate, tritium, and 14 C data against depth were plotted in Fig. 5 . The similar distribution of nitrate and tritium data with depth indicates the increasing vulnerability risk for both shallow and deep aquifer units around the Rasafeh fault system which controls the natural recharge in the study area. On the other hand, there is a significant positive correlation between nitrate, tritium, and 14 C values (Fig. 6a, b) . The nitrate values increase with radiocarbon activities. This positive correlation is caused by both natural recharge and irrigation return flow because these processes not only modify the water quality but also change radiocarbon activities mainly due to exchange with modern soil CO 2 in the agriculturally used areas.
Data of NO 3 concentration in groundwater were not available prior to the construction of Euphrates dam reservoir at the end of 1978. Consequently, after this period, major change in chemical groundwater composition has been critical in revealing change of recharge processes at the arid Rasafeh area. The agricultural influence is reflected in nitrate concentrations. The nitrate in groundwater reaches values up to 50 mg/L, although two wells show exceptionally high contents (155 mg/L in well 3 and 125 mg/L in well 16).
In terms of groundwater resources management with respect to the high NO 3 levels, the age of groundwater is an important parameter. If the age of groundwater is well estimated, then the concentration of nitrate could be related to the groundwater level of fertilizer application of the particular time of recharge suggested relatively recent recharge, but with the possibility of mixing with older groundwater (Robertson and Cherry 1992) .
In order to judge this statement, the spatial distribution of NO 3 and tritium concentration is shown (Fig. 7) . The distribution indicates the natural recharge regions. Higher values demonstrate shorter residence times and consequently potentially greater recharge. High concentrations of nitrate, often over 50 mg/L, associated with high tritium level are characteristic of areas of arable farming around the Rasafeh fault system, and suggest the importance of irrigated return flow on the groundwater recharge, while low concentrations for both tritium and nitrate are generally found east of the Rasafeh area fault system and suggest the control by the hydrological properties and geometry of the aquifers. In reality, such values are probably the consequence of mixing between more recent waters of the shallow pathway and groundwater of the deepest circuit, in the wells located south east of the study area where the contribution of recharge related to the fast infiltration floods.
Conclusion
The hydrochemical and isotopic investigations of surface water and groundwater in the arid Rasafeh area in the northeastern part of Syria has aided to improve the knowledge about the surface water and groundwater dynamic and the interactions between different natural and anthropogenic factors, which is important for a sustainable water resource management in arid zones.
The geological and hydrogeological settings show that the Euphrates River feed the major aquifers in the Quaternary and Middle Miocene rocks. Such interconnection could take place directly by the differences in head between the Euphrates dam reservoir and groundwater. In addition, the tectonic factor through fracture zones such as the Rasafeh fault has an important role to facilitate this connection.
Thermodynamic calculation reveals that the dissolution of evaporate mineral is the main factor of high salinity, and the salinity amount is basically related to SO 4 2-from gypsum dissolution. Moreover, the study of the isotopic composition (d 18 O and d 2 H) of groundwater in the Rasafeh area made it possible to show a surface water contribution from the Euphrates River to the aquifers. This contribution, quantified by isotope mass balances, is very variable and can sometimes reach 100 %.
The presence of high activity of tritium and radiocarbon in the groundwater confirms that the groundwater resources in the study area are of recent age and are highly susceptible to anthropogenic contamination. A good correspondence is observed between the spatial distributions of tritium and nitrate concentrations around the Rasafeh fault system. This shows that the spatial distribution of the contamination is essentially linked to the presence of a dynamic flow system prevailing in this area, more precisely to groundwater age and the important role of irrigated return flow on the groundwater recharge. It is recommended in the future investigations to use of CFC/ tritium technique to refine the age and improve conceptual models of the groundwater flow systems in the arid Rasafeh area.
